The aim of this study was to analyse the possibilities of improving the ecological parameters of compression -ignition CI engines. During the analysis of exhaust gas, attention was mainly paid to the emission of nitrogen oxides and carbon black soot. A method was proposed to reduce the above chemical elements in CI engine exhaust fumes by using the annular channels on the non-working part of the fuel injector needle and applying a platinum catalyst on them. The task of these annular channels is to mix and agitate the fuel before injection to the combustion chamber and to enlarge the contact surface area of catalyst. The task of catalytic coating is to initiate the reaction of dehydrogenation of paraffinic hydrocarbons to olefinic ones with a free hydrogen molecule. Hydrogen, owing to its properties, can shorten the period of combustible mixture spontaneous ignition delay in the engine combustion chamber, which affects the entire combustion process and improves the ecological parameters of a CI engine.
Introduction
Compression-ignition engines are slowly being phased out from modern motor cars due to the presence of harmful compounds in exhaust gas. The most toxic constituents of exhaust gas are carbon black soot, being soaked up with hydrocarbons, nitrogen oxides, unburned hydrocarbons and carbon oxides. To reduce the concentration of toxins in exhaust fumes, newer and newer fuel injection systems, catalytic converters, diesel particulate filters and various fuel additives are being used.
Research is also conducted in using catalysts in the engine combustion chamber and on fuel injection system elements [9, 12] . Environmental standards and ecological fees as well as development of electric propulsion systems make the use of motor cars equipped with CI engine as urban vehicles to be less and less cost effective. However, these engines are a primary source of propulsion in road, water and rail transport.
There is a possibility of reducing the emission of toxic substances in exhaust fumes to the atmosphere by using fuel spray nozzles with the channels in the form of annuli being cut on the nonworking part of the fuel injector needle proposed by the authors. In addition, a catalytic coating is being applied on the annular channels. The purpose of fuel spray nozzle design modifications being applied is to improve the course of combustion process in CI engines. The process of fuel-air mixture combustion consists of several stages. The first and the foremost one is the period of spontaneous ignition delay. It is the time between the appearance of first fuel drops in the combustion chamber and the occurrence of spontaneous ignition centres. It affects directly the second stage (kinetic combustion) because a shorter delay means less fuel in the cylinder and, as a result, the second stage takes place less rapidly. The solution in the form of annular channels proposed by the authors aims to atomise fuel particles shortly before injection to the combustion chamber in order to improve its mixing with air and to enlarge the contact surface area of catalyst on the non-working part of the fuel injector nozzle. The task of catalytic coating is to initiate the reaction of dehydrogenation of hydrocarbons. Fuel for CI engines is mainly composed of paraffnic hydrocarbons (CnH2n+2). Due to the catalytic reaction, it is possible to dehydrogenate these hydrocarbons to the olefinic form (CnH2n) with hydrogen molecule separation. The properties of hydrogen, such as broad flammability limits, high diffusion coefficient in air, ability to spontaneous ignition and combustion rate, can shorten the period of ignition delay [4, 7, 12] .
Operation of catalyst on the non-working part of modern fuel injector needle
The phenomenon of catalysis and the operation of catalyst consist in replacing one (higher) energy of activation (without a catalyst) by two or more lower energies of activation, that means the route from substrates to products is changed into a sequence of elementary reactions with the participation of a catalyst, with low energies of activation of particular stages. The entire process, running through intermediates that involve a catalyst, ends with a desired product and regeneration of a catalyst, so that a catalyst does not wear out as a result of the entire process.
A catalyst may be one of the components of homogeneous phase (gaseous or liquid) where a homogeneous and one-phase reaction takes place, i.e. a homogeneous catalysis. If a catalyst is a separate phase in the reacting system, the reaction being catalysed occurs at the phase interface and then we are dealing with a non-homogeneous (heterogeneous , multiphase) catalysis. Most often, a catalyst is then a solid, and the reaction occurs between gaseous substances [10] .
Reactions that are accelerated by heterogeneous catalysts go through several stages, among which the following ones can be distinguished:
• transport of substrates from the interior of the liquid or gaseous phase to the catalyst surface -this is the slowest stage, being controlled by the rate of diffusion, it can be controlled by changing the rate of agitation (turbulence),
• absorption of substrates on the catalyst surface -being controlled by the rate of absorption,
• intermolecular reaction of substrates on the catalyst surface -this stage is being controlled by the rate of surface reactions,
• desorption of reaction products from the catalyst surface to the interior of the phase -this stage is being controlled by the rate of desorption,
• transport of reaction products from the catalyst surface to the interior of the phase -this stage, just as the first one, is being controlled by the rate of diffusion.
According to the transition state theory (theory of active complex), substrates before conversion into products form an active complex which is not a product yet but at the same time is being more than an excited substrate. It is a structure in which partial regroupings have already occurred, as well as a change in the energy of individual bonds and formation of the nuclei for new
ones. An active complex is characterised by higher internal energy than the sum of substrates or the sum of products, Therefore, substrates, before they reach the state of products, must obtain internal energy that corresponds to that of active complex, regardless of whether the energy of products after the end of reaction will be higher (endothermic reaction) or lower (exothermic reaction) from that of substrates ( Figure 1 ). This energy barrier on the route from a substrate to a product is most often a major determinants of the rate of reaction rate, sometimes making it completely impossible.
The physical meaning of activation energy in relation to internal combustion piston engines can be explained as follows. To start the reaction, a collision of the reacting molecules is necessary. In fact, not all collisions induce the occurrence of reaction between the reacting molecules. If every collision would induce the occurrence of reaction, then all reactions would take place almost immediately. Instead, all reactions have finite rates, which means that only a certain number of all collisions induces the occurrence of reaction. Only these collisions, the energy of which in time of the collision is slightly higher than the average energy, being determined for a given temperature, have been defined as effective collisions. This is exactly the activation energy that represents this energy surplus which the molecules should have in time of the collision to be able to react chemically and is a key factor that determines the progress of chemical reaction. The lower the activation energy, the greater is the constant reaction rate and the faster is the reaction [8] . For the polyatomic systems (which in the first place include hydrocarbon fuels), the activation energy is being defined as minimum kinetic energy, by which the potential energy of this system should be greater so that a chemical reaction can take place in it.
Because the activation energy depends on the structure of molecules and the strength of their compounds, hence the authors attempted to clearly determine and present the behaviour of paraffinic hydrocarbons (CnH2n+2). In these hydrocarbons, the C -H bond energy is greater than the C-C bond energy, therefore lower activation energy is needed to disrupt a molecule with an increase in the number of carbon atoms [12] .
In order to facilitate overcoming the energy barrier being related to the activation energy, it is either possible to provide more energy to the reaction environment (e.g. heating) or use a substance which easily reacts with a substrate (low activation energy), and the resulting compound easily converts into a final product (low activation energy, too). A substance which thus facilitates the conversion from substrates to products is being called a catalyst [6] . A catalyst, after conversion of substrates into products, regenerates completely, hence sometimes it is possible to encounter a wording that a catalyst is a substance that does not participate in the reaction but only facilitate its progress. The best catalyst which is suitable for use in fuel injectors is platinum [3, 4, 5] .
When analysing the relevant literature, the period of spontaneous ignition delay can be calculated according to J. B. Heywood [8] 
When analysing the relationship that determines the period of spontaneous ignition delay, it is possible to state that it is conditioned by such factors as: pressure and temperature the combustion chamber, rotational frequency and engine piston-crank system kinematics, as well as activation energy value. Engine parameters, such as pressure, temperature and basic design components, can not be changed. There is a possibility of improving the ecological parameters of compressionignition engines through shortening the spontaneous ignition delay by reducing the value of activation energy [1, 2] . The solution proposed by the authors will affect the values being discussed and consequently will improve the ecological parameters of compression-ignition engines.
Study objective and scheme
The research objective of this paper is to analyse the possibilities of improving the ecological operating parameters of CI engines by using the annular channels with a catalytic material on the non-working part of the fuel injector needle. The solution being proposed by the authors can be applied in any type of fuel injection system (mechanical injectors, unit injectors, and CR injectors) in passenger cars and goods vehicles, vessels, various machines, as well as in propulsion systems of locomotives being powered by CI engines.
The tests described below were prepared according to the following scheme:
• analysis of the effect of annular channels and catalysts on the physicochemical processes of fuel injection and combustion in a CI engine,
• selection of the type of fuel injector,
• development of the object of physical research model,
• performance of laboratory tests,
• performance of engine tests.
Presentation of test objects and test beds
The Laboratory tests were performed using a test bench for CR fuel injector testing -STPiW-3 ( Figure   4 ). Engine tests were performed using a hydraulic brake with measuring instruments for a 359 engine ( Figure 5 ). 
Results of laboratory and engine tests
The first stage of tests was to analyse the operation of CR fuel injectors on a STPiW 3 test bed.
The goal was to check if the fuel injector with a modified spray nozzle works properly. Fuel injection and fuel return doses at different adjustment of fuel injector Two fuel injectors were subjected to testing -the first one with a factory-made spray nozzle, and the second one with a spray nozzle with annular channels and a catalytic coating being applied ( Table 1, Table 2 ). The measurement results are presented in graphical form ( Figure 6, Figure 7 ). 
Discussion
The objective of this study was to examine the possibilities of using the system of annular channels with platinum catalytic coating on the non-working part of the fuel injector needle in compression-ignition engines. The first stage of the study was to analyse the operation of Common Rail fuel injectors on a test bench. During the test, fuel injection doses and fuel return doses were examined. Examination on the test bench was a very important test because in the CR systems it is the fuel injector that is responsible for the volume of fuel injection doses. Modifications that were made on the non-working part of the fuel injector needle could affect them or overflow volumes. The overflow dose is a discharge of working fluid during the operation of fuel injector. Every CR fuel injector must have the overflow dose within the specific range. If it is too high, the system is leaking and the regulator that controls the pressure will not be able to adjust its appropriate volume in the system. The overflow dose depends on many factors, among other on the state of barrel and plunger assemblies in the fuel injector. Modifications that were made on the non-working part of the fuel injector needle could affect the tightness of fuel spray nozzle, thus laboratory tests were very important. Laboratory tests showed that the use of annular channels did not affect the volume of fuel injection and fuel return doses in CR fuel injectors. It is very important because the research objective of this project is not to change the volume of fuel injection doses.
The second stage of the study was to analyse the operation of CI engine with a modified fuel injector. During the tests, an engine with mechanical fuel injection was deliberately used. In this type of engine, it is possible to change pressure and fuel injection timing to any value in a very simple and fast way. In CR systems, changes of this type require the reprogramming of engine controller, which is a more difficult and more time-consuming process. Engine tests showed that at the factory settings the volume of nitrogen oxide emission at medium and maximum engine load decreased slightly in compared to a factory-made fuel injector. By reducing fuel injection timing from 18.5° to 14° and increasing fuel injection pressure to 26 MPa, a significant reduction in nitrogen oxide emission was obtained throughout the engine operating range. When analysing the emission of carbon oxides and carbon black soot at the factory settings at low and medium engine load, a slight decrease in emissions was obtained; in contrast, by changing fuel injection timing to 14° and increasing fuel injection pressure to 26 MPa, the emission of the above substances decreased throughout the engine operating range.
When analysing the results being obtained, it can be concluded that it is possible to improve the ecological parameters of CI engines by using the annular channels with a platinum catalyst on the surface of the non-working part of the fuel injector needle. In future, the next stage of examination will be to analyse the operation of engine with a modified fuel injector fuelled by biofuels and their mixtures with conventional fuel. In addition, engine tests with a modified fuel injector will be made using the indicator.
